The association of preterm birth with obesity and metabolic syndrome later in life is well established. Although the biological mechanism for this association is poorly understood, epigenetic alterations of metabolic-related genes in early life may have important roles in metabolic dysfunction. Thus, we investigated the associations of DNA methylations of melanocortin 4 receptor (MC4R) and hepatocyte nuclear factor 4 alpha (HNF4a) with metabolic profiles in cord blood of term and preterm infants.
Introduction
Preterm birth (PTB; <37 weeks gestation) is a major cause of neonatal death and has long-term adverse effects on health. [1] About 28% of early neonatal mortality has been reported to result from PTB. [1, 2] The rate of PTB increased from 2.6% in 1993 to 5.9% in 2010 in Korea, [3] and rates are reportedly increased rapidly in developing countries. [4] Children born preterm may have a higher risk of metabolic abnormalities associated with type 2 diabetes (T2D) and cardiovascular disease later in life. [5, 6] Changes in lipid metabolism, such as elevated triglyceride (TG) and total cholesterol (TC) levels, in early life may lead to metabolic dysfunction and disease susceptibility. [7] Although the molecular mechanisms underlying the associations remain unknown, epigenetics has recently emerged as a key factor contributing to the development of chronic diseases. [8] Epigenetics can affect gene activity independent of the DNA sequence and is crucial for development and cellular differentiation. [9, 10] Epigenetic alterations induced by environmental stimuli may influence gene expression and may be transmitted across generations, although the mechanisms of epigenetic inheritance remain unclear. [7, 11, 12] Some of these epigenetic changes appear to be relatively stable and persist throughout life, but others are potentially reversible. [13] Subtle differences in DNA methylation patterns of some genes associated with gestational age (GA) at birth (e.g., DUOX2, TMEM176A, and CASP8) may influence long-term health outcomes. [14, 15] Moreover, exposure to prenatal famine was found to lead to altered DNA methylation of genes associated with growth and metabolism (e.g., INSR and CPT1A). [16] Several previous studies have showed that melanocortin 4 receptor (MC4R), which controls the appetite, and hepatocyte nuclear factor 4 alpha (HNF4a), which regulates lipid homeostasis, are involved in the development of obesity and metabolicrelated disorders. [17] [18] [19] [20] [21] MC4R signaling regulates insulin sensitivity and glucose utilization. [17] In addition, MC4R activity contributes to increased fat mass by increasing the synthesis of TG and the assembly and secretion of hepatic lipoprotein in the liver. [18] Recently, decreased methylation of MC4R, with corresponding increases in gene expression, was found to lead to obesity in mice fed a high-fat diet. [19] HNF4a affects glucose and lipid metabolism and contributes to the regulation of pivotal metabolic processes in the liver. [20] HNF4a alteration induces impaired insulin signaling, resulting in increased lipid profiles. [21] In animals, maternal chronic exposure to a high-fat diet induced increased HNF4a expression in the fetal liver and contributed to lipid accumulation. [22] In humans, differences in DNA methylation patterns of HNF4a in response to the intrauterine environment have been identified between twins with and without T2D. [23] Most PTB studies have analyzed DNA methylation using cell-free DNA, which can enable the discovery of biomarkers for prediction due to its accessibility and reliability. [24, 25] An epigenome-wide association study identified some differentially methylated loci, including the previously known HNF4a, in cord blood of infants with intrauterine growth restriction. [26] On the basis of this evidence, MC4R and HNF4a are plausible biological candidate genes underlying the associations between PTB and metabolic-related disorders.
To our knowledge, no study has found a link between epigenetic alterations of metabolic-related genes and metabolic indices in cord blood. Thus, we investigated the associations between DNA methylations of MC4R and HNF4a and metabolic indices in cord blood of preterm infants, compared with term infants.
Methods

Study population
This case-control study was conducted from 2007 to 2010 at Ewha Womans University Hospital, Seoul, Korea. Pregnant women who received prenatal examinations between 24 and 28 weeks of gestation at the hospital were recruited. The study population included women aged 20 to 42 years, with GAs of 25 to 42 weeks and no complication during pregnancy. A total of 85 preterm infants (GA < 37 weeks) were delivered at the hospital, and 85 term infants (GA 37-42 weeks) were selected randomly from women who delivered healthy infants during the same period as preterm infants. We excluded infants from multiple births and those with major congenital abnormalities or medical problems. All subjects provided clinical data and cord blood samples. Participants gave their written informed consent prior to enrollment in the study. This study was approved by the Institutional Review Board of the Ewha Womans University Hospital.
Trained nurses collected information regarding potential confounding factors, including maternal age, height, weight at delivery, education, mode of delivery, GA, birth weight, height, ponderal index, and Apgar score (AS) 1 and 5 minutes after birth using medical charts. GA was calculated based on the onset of the last menstrual period (LMP). Ultrasonographic estimation of the GA was used when the LMP data were unreliable or when the GA determined by LMP and true fetal size differed by >10 days. The ponderal index was calculated as weight in kilograms divided by cube of height in meters (kg/m 3 ). Maternal education level was dichotomized as high school (<12 years) and university or higher (≥12 years).
Biochemical assessments
Umbilical cord blood samples were collected into Vacutainer ® tubes containing EDTA (BD Biosciences, San Jose, CA) immediately after delivery. The blood samples were centrifuged at 3000 rpm for 10 minutes, and the serum was stored at À80°C until chemical analysis. Serum glucose, TG, TC, high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c) were measured by automatic analyzer (Model 7180; Hitachi, Tokyo, Japan). The average intraassay coefficients of variation (CVs) and sensitivity limits for the glucose, TG, TC, HDL-c, and LDL-c assays were 1.15% and 2 mg/dL, 1.85% and 9 mg/dL, 1.43% and 4 mg/dL, 2.51% and 3 mg/dL, and 2.71% and 4 mg/dL, respectively. Insulin was analyzed using an immunoradiometric assay kit (Biosource Europe, Nivelles, Belgium) according to the manufacturer's instructions, with an average intraassay CV of 2.40% and a sensitivity limit of 0.2 mU/mL. Insulin resistance levels were determined by the widely used homeostasis model assessment of insulin resistance (HOMA-IR) method, which was calculated as follows:
DNA methylation analysis by pyrosequencing
Genomic DNA samples were isolated from whole cord blood using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. The total DNA concentration and purity were assessed by spectrophotometer (ND2000; Nanodrop Technologies, Wilmington, DE).
The promoter regions of the MC4R and HNF4a genes were amplified by a primer set designed using the PSQ Assay Design software (Biotage AB, Uppsala, Sweden) (Supplemental Digital Content- Table S1 , http://links.lww.com/MD/B242). In MC4R, the 3 CpG sites are located in the promoter region up to 775 to 792 bp upstream of the transcription start site (TSS). The HNF4a gene has 2 promoters (P1 and P2). The 4 CpG sites in the P1 promoter region are located up to 88 to 115 bp, and the 4 CpG sites in the P2 promoter region are located up to 44,903 to 44,920 bp upstream of the TSS (Supplemental Digital Content- Figure S1 and Table S3 , http://links.lww.com/MD/B242). Of these, the CpG2 site in the P2 promoter of HNF4a was almost always methylated (>99%). Thus, it was excluded from this study. Methodological details of DNA methylation analysis are reported in our previous study. [27] 2.4. RNA isolation and quantitative real-time PCR Total RNA was extracted from blood samples of term (n = 38) and preterm (n = 20) infants using the Easy-BLUE TM total RNA extraction kit (iNtRON Biotechnology, Sungnam, Korea) according to the manufacturer's protocol. The concentrations and purities of extracted RNA samples were quantitated by 95: 35 Medicine bioanalyzer (Agilent Technologies, Santa Clara, CA). Complementary DNA (cDNA) synthesis was performed using 1 mg RNA sample in a 25-mL reaction mixture containing 1 mL of 10pM oligonucleotide primer, 5 mL 10Â RT buffer, 5 mL 2.5 mM dNTP, 1 mL 40 U RNase inhibitor, and 1 mL 200 U Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) for 60 minutes at 42°C and 5 minutes at 95°C. Quantitative real-time polymerase chain reaction (PCR) was carried out in a 20-mL reaction mixture containing 2 mL cDNA, 10 mL SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), 1 mL each 10-pM primer, and 6 mL sterile water. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene, was used as an internal control. Amplification was conducted under the following conditions: denaturation at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 1 minutes on an ABI PRISM 7000 sequence detection system (Applied Biosystems). All PCR reactions were performed in duplicate, and no template controls were included in any run. We then tested primer specificity by RT-PCR, confirmed using melting curve analysis.
Comparative quantitation of each target gene was performed based on the cycle threshold (CT), which was normalized against the CT of GAPDH using the DDCT method. Primer sets and melting temperature for quantitative real-time PCR are described in Supplemental Digital Content- Table S2 , http://links.lww.com/ MD/B242.
Statistical analysis
Continuous variables with normal distributions were assessed using Student t test or analysis of variance, followed by the Bonferroni test, and were expressed as means and standard deviations (SD). Categorical variables with nonnormal distributions were assessed using the Wilcoxon rank sum test and expressed as numbers and percentages. To satisfy statistical assumptions for normality, TG, TC, HDL-c, LDL-c, insulin levels, and HOMA-IR data were log transformed. The results for log-transformed data are presented as backtransformed means with 95% confidence intervals. DNA methylation levels of MC4R and HNF4a genes were rescaled using the means and SD to satisfy normality. TG levels were grouped by percentile as low (<10th percentile), mid (11th-89th percentiles), and high (>90th percentile), according to a previous study.
[ 28] To assess the significant differential effects of DNA methylation statuses of MC4R and HNF4a at each CpG sites on metabolic indices in cord blood between term and preterm infants, a multiple linear regression model was used. The model controlled for maternal height, weight at delivery, education, mode of delivery, GA, ponderal index, and 5-minute AS. The selected confounding variables were marginally related to DNA methylation levels or metabolic indices in all univariate analyses (P < 0.20). Statistical analyses were conducted using the SAS software (ver. 9.3; SAS Institute Inc., Cary, NC). All analyses were 2-tailed, and P values < 0.05 were considered to indicate statistical significance.
Results
General characteristics of study subjects
Eighty-five term and 85 preterm infants were included in this study ( Table 1 ). The 2 groups were similar in maternal age, gender, and parity. However, women who had preterm infants were markedly shorter (P = 0.04) and had a higher occurrence of cesarean section (P < 0.001) than women who had term infants. Table 1 Demographic characteristics of study subjects. Continuous variables are expressed as mean (SD) and categorical variables are expressed as n (%). P values were calculated using Student t test or the Wilcoxon rank sum test. AS = Apgar score, C-section = caesarean section, SD = standard deviation. (MC4R-CpG2 and MC4R-CpG3, respectively) was significantly lower in cord blood cells of preterm infants compared with term infants (P < 0.01). In addition, the median methylation status of HNF4a at 4 CpG sites in the P1 promoter was significantly lower in cord blood cells of preterm infants (P < 0.01), whereas the methylation status of the CpG sites within the P2 promoter was similar between the 2 groups (Supplemental Digital Content- Table S4 , http://links.lww.com/MD/B242). The MC4R and HNF4a promoter regions contain putative binding sites for transcription factors, including C/EBP alpha and SP1, which are involved in the regulation of lipid metabolism (Supplemental Digital Content- Figure S1 , http://links.lww.com/MD/B242). [29, 30] The expression levels of MC4R and HNF4a genes were significantly increased in cord blood cells of preterm infants compared with term infants (P = 0.04 and P = 0.048, respectively; Fig. 1 ). Table 2 shows the average metabolic indices in cord blood of 2 groups. The mean TG level was significantly lower (P = 0.001), whereas the average TC, HDL-c, LDL-c levels, and HOMA-IR were significantly higher in cord blood of preterm infants compared with term infants (P < 0.05). No significant difference in other metabolic indices, such as glucose and insulin levels, was observed between groups.
Metabolic profiles in cord blood from term and preterm infants
Associations between DNA methylation status of CpGs and metabolic indices in cord blood of term and preterm infants
To evaluate the effects of different DNA methylation patterns on metabolic indices between groups, we identified associations between methylation statuses of CpG sites in MC4R and HNF4a and metabolic indices in cord blood of term and preterm infants. We selected 6 CpG sites and 5 metabolic indices that differed significantly between groups. The beta coefficients for associations between log-TG levels and methylation statuses of the MC4R-CpG3 and the CpG2 site located within the P1 promoter of HNF4a (HNF4a-CpG2) in cord blood differed significantly between term and preterm infants (P = 0.04 for MC4R and P = 0.003 for HNF4a; Fig. 2 ). These associations remained unchanged after adjusting for maternal height, weight at delivery, education, mode of delivery, GA, ponderal index, and 5-minure AS (Table 3) .
DNA methylation levels of CpG sites in cord blood cells from term and preterm infants according to TG group
DNA methylation levels of MC4R-CpG3 and HNF4a-CpG2 in the P1 promoter differed significantly among preterm infants Figure 1 . The mRNA expression levels of the MC4R (A) and HNF4a (B) genes in cord blood of preterm infants (n = 20) and term infants (n = 35). MC4R = melanocortin 4 receptor, HNF4a = hepatocyte nuclear factor 4 alpha.
Table 2
Metabolic indices in cord blood of study subjects. TG, TC, HDL-c, LDL-c, insulin levels, and HOMA-IR were log-transformed. Glucose is expressed as mean ± SD, with P value from Student t test. Log-transformed data (TG, TC, HDL-c, LDL-c, insulin, and HOMA-IR) are expressed as mean s with 95% confidence interval, with P values from the Wilcoxon rank sum test. TG = triglyceride, TC = total cholesterol, HDL-c = high density lipoprotein cholesterol, LDL-c = low density lipoprotein cholesterol, HOMA-IR = omeostasis model assessment of insulin resistance, SD = standard deviation, CI = confidence interval. *
Metabolic indices
The results presented are back-transformed values of the means.
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according to TG group (P = 0.01; Fig. 3 ). Methylation statuses of MC4R-CpG3 and HNF4a-CpG2 in the P1 promoter were significantly lower in preterm infants in the high-TG group than in those in the low-TG group (P = 0.04 for MC4R and P = 0.01 for HNF4a). In addition, methylation statuses of MC4R-CpG3 and HNF4a-CpG2 in the P1 were significantly lower in preterm infants in the high-TG group compared with the mid-TG group (both P = 0.01). Notably, preterm infants in the high-TG group were found to have higher TG levels in cord blood than term infants in the high-TG group (60.49 vs 54.57 mg/dL; Table 4 ). These preterm infants also had significantly lower GA, birth weight, and height than term infants of the high-TG group (P < 0.001). No significant difference in cord blood of term infants was observed according to TG group, except TG level.
Discussion
This study is the 1st to investigate the associations between DNA methylation statuses of metabolic-related genes and metabolic profiles in cord blood. Our findings showed that DNA methylations of MC4R and HNF4a were associated significantly with TG level in cord blood of preterm infants compared with Figure 2 . Association between methylation statuses of MC4R and HNF4a at CpG sites and metabolic indices in cord blood of preterm and term infants. DNA methylation of (A) MC4R-CpG3 and TG levels and (B) HNF4a-CpG2 in the P1 promoter and TG levels. Open lines ( --) denote preterm infants and closed lines (-) denote term infants. MC4R = melanocortin 4 receptor, HNF4a = hepatocyte nuclear factor 4 alpha, TG = triglyceride. Table 3 Associations between methylation status of MC4R and HNF4a at CpG sites and metabolic indices in cord blood of term and preterm infants. term infants. Interestingly, preterm infants in the high-TG group were observed to have higher TG levels, despite lower GA and worse birth outcomes, than term infants in the high-TG group. These preterm infants could have disrupted lipid metabolism in utero, and altered lipid profiles may affect metabolic processes and disease susceptibility, which could be mediated partly through epigenetic mechanisms at specific loci. Epidemiological studies have reported a close link between PTB and the development of metabolic disorders in later life. [31] [32] [33] Approximately 35% of patients with T2D are known to have had low birth weight. [34] Impaired fetal growth caused by an adverse prenatal environment leads to metabolic adaptations in the fetus, which could influence long-term risks of metabolic diseases. For instance, a study indicated that extremely low birth weight infants was linked strongly to high TG and low HDL-c levels in 2-year-olds. [35] Young adults who were born prematurely have been observed to have higher blood pressure and LDL-c levels than those who were born at term. [36] In addition, adults who were born preterm with very low birth weight have been shown to have high insulin and glucose levels. [37] Our findings showed that average TG levels were significantly lower in cord blood of preterm infants compared with term infants, whereas mean TC, HDL-c, and LDL-c levels were significantly higher, consistent with previous studies.
DNA methylation site
[ [38] [39] [40] [41] However, some of these findings are inconsistent with our results that TG, TC, and LDL-c levels in cord blood were higher in late preterm infants than in term infants. [42] Haridas and Acharya reported that preterm infants had higher TG levels than term infants, although the difference was not statistically significant. [43] Notably, the discrepancy in TG levels between the 2 groups may be due to variations in GA (near-full term vs very preterm) of the study subjects. [44] Moreover, this difference may be due to differences in consumption of nutrients, especially fat, associated with higher birth weight. [45, 46] During the last trimester of pregnancy, which is accompanied by increased GA and total body fat, TG levels increase and TC levels decrease. [39, 45] Increased TG level is a well-established major risk factor for cardiovascular disease, which is the leading cause of death in many countries. Elevated lipid profiles at birth may affect the regulation of gene expression concerning growth and cell signaling pathways, and contribute to increased risk of diseases. [47] Abnormal lipid profiles in childhood could be predictive of dyslipidemia and cardiovascular disease in adulthood. [48] In addition, altered metabolic profiles triggered by prenatal conditions may be explained partly by epigenetic mechanisms. These epigenetic alterations during prenatal development may persistently affect long-term health outcomes. [15] Our results provided supporting evidence that higher TG levels were related significantly to decreased methylation of MC4R-CpG3 and HNF4a-CpG2 in the P1 promoter in cord blood of preterm infants, compared with term infants. MC4R, which is relevant to the regulation of energy homeostasis, was found to elevate fatty acid uptake and TG synthesis in adipose tissue. [18, 49] Another study implicated that activity of MC4R affects TG levels in cardiovascular patients. [50] To date, very few studies have been conducted to investigate the association between DNA methylation of MC4R and metabolic components in cord blood, although most genetic studies have shown that common variants near MC4R were associated with elevated TG levels and an increased risk of hypertriglyceridemia in obese children and adolescents. [51] In addition, genetic variants of MC4R have been found to lead to substantially higher postprandial response of TG levels in healthy subjects. [52] The active forms of MC4R decrease the activity of stearoyl-coenzyme A desaturase 1, which is involved in TG synthesis and affects LDL levels via the liver, resulting in decreased TG synthesis. [50] Consistent with our findings, the recent study by Widiker et al [19] showed hypomethylation of MC4R and increased expression levels in mice following a high-fat diet, which resulted in obesity. Rats fed a high-fat diet had 43% higher expression levels of MC4R in the paraventricular nuclei than those fed a low-fat diet, which was associated positively with fat mass. [53] The other gene, HNF4a, is known to be relevant to glucose and lipid metabolism. [54, 55] In subjects with hyperlipidemia, variants of HNF4a were involved in the elevation of TG and glucose levels. [56] In offspring of rats fed a high-fat diet, the expression levels of HNF4a were substantially increased in the liver. [22] Many studies have shown that mutations in the P1 promoter of HNF4a are related to the risk of metabolic disorders. [57, 58] In a recent study, changes in DNA methylation of CpG sites, including in the known HNF4a, were identified in subjects with T2D. [23] Collectively, we suggest that increased TG levels are associated closely with DNA methylation status of the MC4R and HNF4a loci in cord blood cells. Table 4 DNA methylation status of CpG sites in MC4R and HNF4a in term and preterm infants by TG group.
Term Preterm
Low (n = 4) Mid (n = 71) High (n = 9) P Low (n = 12) Mid (n = 64) High (n = 7) P Of note, our findings identified higher TG levels in high-TG preterm infants compared with term infants, whereas DNA methylation levels of MC4R-CpG3 and HNF4a-CpG2 in the P1 promoter in cord blood cells were significantly decreased in comparison with those with other TG levels. These high-TG preterm infants also had significantly lower GA and birth weight than term infants of the high-TG group. However, no significant association was found in term infants with high TG levels. Cress et al [59] reported that TG levels >65 mg/dL in cord blood were related to fetal distress and adverse perinatal environment. On the basis of this evidence, we suggest that preterm infants with high TG levels may be at greater risk of metabolic-related disorders, although longitudinal studies are needed to clarify these findings.
In this study, we found the associations between DNA methylation of MC4R and HNF4a and metabolic components in cord blood, and differences between term and preterm infants, although in a relatively small sample. Further studies are needed to confirm the differences in methylation of metabolic-related genes as potential contributing factors for the development of metabolic-related diseases, and long-term follow-up studies are also needed.
DNA methylation patterns have tissue and cell-type specificity. However, many studies of DNA methylation have been performed on DNA extracted from whole blood, which contains a heterogeneous cell population; the use of cell-free circulating DNA could enable the discovery of accurate biomarkers due to its accessibility. [24, 25, 60] Recently, an altered DNA methylation status of HNF4a induced by the intrauterine environment was identified in cord blood from neonates with intrauterine growth restriction. [26] Overall, this evidence indicates that epigenetic variations of MC4R and HNF4a established in early life may lead to altered metabolic profiles, such as increased TG levels, in cord blood of preterm infants. In particular, high TG levels in preterm infants may represent a greater risk of metabolic-related diseases in adulthood. Particular attention is required for sensitive subjects, such as babies born prematurely, especially those with increased TG levels, although the values are within normal ranges. Additional long-term follow-up studies are needed to gain further information regarding DNA methylation and metabolic components during each period of life.
